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ABSTRACT 

We present 21 cm observations of a 5 x 1 degree region in the Virgo cluster, obtained 
as part of the Arecibo Galaxy Environment Survey. 13 cluster members are detected, 
together with 36 objects in the background. We compare and contrast the results from 
this area with a larger 10 x 2 degree region. We combine the two data sets to produce 
an HI mass function, which shows a higher detection rate at low masses (but finds fewer 
massive galaxies) than less sensitive wider-area surveys, such as ALFALFA. We find 
that the Hi-detected galaxies are distributed differently to the non-detections, both 
spatially and in velocity, providing further evidence that the cluster is still assembling. 
We use the Tully-Fisher relation to examine the possibility of morphological evolution. 
We find that highly deficient galaxies, as well as some early-type galaxies, have much 
lower velocity widths than the Tully-Fisher relation predicts, indicating gas loss via 
ram pressure stripping. We also find that HI detections without optical counterparts 
do not fit the predictions of the baryonic Tully-Fisher relation, implying that they are 
not primordial objects. 
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1 INTRODUCTION 

We previously described the results of a 10 x 2 degree survey 
of the Virgo Clust er with AGES, the Arecibo Galaxy En- 
vironment Survey (|Tavlor et al.ll2012l . hereafter Paper V). 
This fully-sampled HI survey reaches a mass sensitivity of 
~8xl0 6 Mq at the Virgo distance of 17 Mpc. However, the 
cluster is a complex and varied environment. While our first 
region (VC1) covered the dense cluster interior around M49, 
where multiple sub-clusters are infalling, our second, smaller 
area (VC2 measures 5x1 degree), examines a less dense 
area on the cluster periphery (see figure [1} . In this more 
quiescent environment, galaxies are thought to belon g to a 
population at a single distance l|Gavazzi et al.l ll999h Our 
two areas are thus very different, so understanding both is 
important in understanding the cluster as a whole. 

We described in Paper V evidence that the Virgo Clus- 
ter is still in the process of assembly. Hi-detected galaxies 
are found preferentially at higher velocities than galaxies 
devoid of HI, implying that infalling galaxies have not yet 
experienced the full force of the cluster environment. We also 
found that virtually all late-type galaxies (listed in the Virgo 



Cluster Catalogue of lBinggeli. Sandage fc Tammannlll985l ) 
are detected in HI, even if they are strongly HI deficient, 
suggesting that gas loss can cause morphological evolution 
in the nearby Universe. 

Further evidence of this is suggested by the relative 
dearth of early-type detections. No more than 9% of early- 
type galaxies are detected in HI, but if this is restricted 
to SOs (which are bluer than other early-type galaxies and 
show some evidence of structure) the fraction rises to 25%. 
Conversely, the fraction of detected dEs (which are redder 
and do not show evidence of structure) is only 3%. Despite 
employing a variety of stacking procedures (which reached 
a mass sensitivity about 6 times better than the standard 
survey data), the majority of early- types remain undetected 
in HI. 

At the other extreme, 8 detections in the VC1 area 
(about 7% of the sample) have no obvious optical counter- 
parts. Such objects may represent either tidal debris, very 
low surface brightness galaxies, or, more controversially, op- 
tically dark galaxies. In either case, most of the HI detections 
not associated with previously known VCC galaxies corre- 
spond to faint, blue non-deficient dwarf galaxies. Clearly 
there is at least some prospect for the survival of low mass, 
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Figure 1. The Virgo Cluster region, highlighting the AGES and 
VCC areas and detections. Squares are early-type while circles 
are late-type galaxies. Filled circles are those with known HI de- 
tections from previous pointed observations. The contours show 
X-ray detection from the ROSAT satellite. Physically the VC1 
area spans 3.0x0.6 Mpc while VC2 spans 1.5x0.3 Mpc (at 17 
Mpc distance). This figure is reproduced from paper V. 



gas-rich and optically faint objects within the cluster envi- 
ronment. 

In this paper, we add to our analysis of the detections 
in VC1 and also describe the detections in VC2. We seek 
to further our understanding of the issues outlined above 
in two ways. Firstly, studying a second area increases our 
sample size for better overall statistics. Secondly, existing 
observations indicate that this area should be quite differ- 
ent to the first, with galaxies belonging to a population at a 
single line-of-sight distance (as opposed to clouds at 3 differ- 
ent distances in VC1) and less densely distributed. In VC1 
there are about 17 VCC galaxies per square degree, but only 
13 per square degree in VC2. We therefore hope to evaluate 
our conclusions from Paper V in this quite different environ- 
ment. 

Galaxies within the VC2 region are all thought to be 
part of subcluster A and are assigned a distance of 17 Mpc in 
the Galaxy On-Line Milano Network database (GOLDMine, 
iGavazzi et alj|2003h . The central giant elliptical galaxy M87 
is avoided, as its strong continuum emission can cause severe 
interference by setting up strong standing waves. The field 
extends beyond the edge of the VCC plates (see figure [J), 
so it is hoped that changes in galaxy properties from the 
cluster interior to the field may be seen. Physically the area 
spans 1.5x0.3 Mpc at 17 Mpc distance. 

The remainder of this paper is as follows. In section [2] 
we describe the observations, data reduction and analysis 
procedures. In section [3] we describe our results for clus- 
ter members. In section [4] we summarise and describe some 
of the implications of this survey within the Virgo cluster, 



while we comment on some of our background detections in 
the Appendix. 



2 DATA ANALYSIS OVERVIEW 

The observations, data red uction and analys is procedures 
have been fully described in | Auld et al.ll2006l . as well as in 
ICortese etai]|200St [Minchin et alj|20ld and in Paper V. For 
this reason we here give only a very brief summary. The 
field consists of an area of uniform sensitivity 5 degrees in 
R.A. by 1 degree in declination; due to the hexagonal beam 
pattern of ALFA a small area outside this field is also in- 
cluded. The maximum range of the field in R.A. is from 
12:37:35 to 12:58:52; in declination it ranges from +10:56:00 
to +12:13:00. The maximum velocity range is from -2,220 
to 20,090 km/s (including the bandpass roll-off where sensi- 
tivity is reduced). 

The HI data are reduced with the aipsH — h packages 
livedata and GRIDZILLA, and analysed using miriad, pri- 
marily through the task mbspect. ALFA records data from 
two linear polarisations simultaneously and we reduce the 
data for both of these separately, as the noise between each 
is uncorrelated (see next section). We also reduce the com- 
bination of both polarisations - it is on this cube that we 
perform our actual measurements. For full details of data 
reduction and our analysis techniques, we refer the reader 
to Paper V. 

2.1 Source extraction 

Our source extraction procedures are largely identical to 
those described in Paper V - namely, repeated visual 
searches of the cube coupled with our own custom-made au- 
tomatic extractor (glados) described in that paper. In this 
regi on we also employ ed the existing extractors polyfind 
(see l Davies et aljfeooil ) and duchamp (described in lWhitinel 
l20iaL ~ Here we present a brief comparison of the relative 
performance and efficiency of each technique. 

polyfind, which was designed for HIPASS data, proved 
very unreliable - generating a source catalogue of over 
1,600 candidates, of which only about 3% proved to be 
real (the majority dismissed as single-channel, relatively low 
S/N spikes visible in only one polarisation), duchamp fares 
rather better with AGES data, but as a flux (rather than 
S/N) based extractor, it has major problems at the edges of 
AGES cubes (where the noise is significantly stronger). Un- 
fortunately in the particular case of VC2, a number of very 
bright sources are present near the edges, which duchamp 
has to either reject or accept an even lower level of reliability 
than POLYFIND. 

GLADOS, which is more fully described in Paper V, is an 
automatic extractor designed to reproduce selected features 
of both polyfind and duchamp. While it checks for peak 
S/N values along individual spectra, as polyfind does, it 
also checks that those peaks span multiple pixels, in the 
manner of duchamp. Additionally, it is designed to check 
both of the polarisations separately, only accepting a source 
if it meets the detection criteria in all 3 data cubes. For 
the other extractors we check individually each detection 
candidate to see if they are visible in both polarisations. 

Table [T] presents completeness and reliability estimates 
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Table 1. Percentage reliability and completeness estimates for 
various source extraction methods. The completeness value in 
brackets is the completeness based on the volume of the cube 
each method is able to search - see text for details. 



Method 


No. candidates 


Completeness 


Reliability 


Visual 


75 


77(77) 


51 


POLYFIND 


1619 


70(73) 


2 


DUCHAMP 


492 


72(90) 


7 


GLADOS 


268 


83(95) 


16 



for polyfind, DUCHAMP, GLADOS and a visual search. We 
can never know exactly how many HI sources are really 
present within the volume of the data cube, so the com- 
pleteness is estimated by considering the source catalogue 
resulting from a combination of all search techniques. Thus a 
completeness estimate of 50% means that a particular search 
technique was able to find 50% of all detectable sources. A 
major additional caveat is that the sensitivity levels are not 
identical for each method - this table is only intended as an 
approximate comparison. 

In table[T]we provide two estimates of the completeness. 
The first is simply the percentage of the final source list 
found by each method. The second accounts for the fact 
that automatic extractors are not able to easily search the 
entire volume of the cube. All automatic extractors cope 
badly in regions affected by RFI. These regions are therefore 
generally masked in order to avoid generating candidate lists 
numbering in the thousands, which are impractical to search. 

We note that DUCHAMP also has a further constraint - to 
determine a sensible flux threshold as a search parameter, 
it is necessary to have already searched the cube in some 
way. If we instead use duchamp's ability to estimate the 
S/N level, the reliability is raised to 18%, but with a huge 
decrease in completeness to just 42%, or 54% in the volume 
it is able to search. 

The reliability estimate is made by considering what 
fraction of the detected sources are real. As in Paper V, a 
source is accepted as a candidate if it is detected in both 
polarisations and by multiple methods of source extraction. 
Sources are subject to follow-up observations with L-wide 
if they are only detected by 1 method (but appear in both 
polarisations), have no clear optical counterpart, or are oth- 
erwise anomalous in some way (such as having very different 
parameters to those given in the literature). 

2.2 Other data 

Our procedures for optical data analysis are very similar 
to those described in Paper V. We primarily use the Sloan 
Digital Sky Survey (SDSS) to search for optical counterparts 
within a 3.5' radius of the HI coordinates. Objects which are 
within the Arecibo beam but do not have optical redshift 
data are flagged as uncertain counterparts. We treat these as 
being associated with the HI throughout the analysis, except 
where there are multiple candidates within the beam. 

For this region there is also Isaac Newton Telescope 
Wide Field Survey (INT WFS) data available. Unlike VC1, 
in this case the data is uniformly of high quality and slightly 



deeper than the SDSS (by about 1 mag arcsec -2 ). However, 
the INT i band images are subject to varying levels of "fring- 
ing" which is greatly re duced - but not entire ly removed - by 
the automatic pipeline |lrwin fc Le wis 2001). This can be a 
severe problem for faint, low surface brightness sources. For 
this reason, and also to maintain consistency with paper V, 
our photometry is again performed using the SDSS data. 

As in Paper V we checked how closely the positions, re- 
cessional velocities and velocity width estimates for our data 
agree with our sources (NED, the SDSS and GOLDMine). 
We find the agreements to be excellent - the mean difference 
in the positions of the HI and optical coordinates is 23" , the 
mean difference in recessional velocities is 4 km/s, and the 
difference in velocity widths is 10 km/s. 



3 VIRGO CLUSTER OBJECTS 

Table [2] lists the HI parameters of the objects identi- 
fied as Virgo cluster member^]. All quantities are mea- 
sured/calculated as described in Paper V. Table [3] lists all 
of our measured optical parameters for Virgo objects; those 
not included have multiple or unclear optical counterparts. 

It is immediately apparent that within the cluster, there 
are far fewer detections in VC2 than in VC1. This is not sim- 
ply because VC1 is larger : there are about 2.6 HI detections 
per square degree in VC2 compared with 4.8 per square de- 
gree in VC1. It may also be noted from table [5] that the 
S/N estimate is high for all Virgo detections, with only one 
source with a peak S/N of less than 10 (all the HI detections 
here are also detected by ALFALFA). This is not a source 
extraction issue - lower S/N detections in the cluster were 
originally recorded, but all were rejected based on follow-up 
observations. 

Moreover, the difference in galaxy numbers between 
VC1 and VC2 is not unusual but simply the varying na- 
ture of galaxy density in the cluster - in the 5x1 degree 
strip immediately west of VC2 there are 23.6 VCC galaxies 
per square degree. The key point of the lower number of 
detections is that any kind of detailed comparison between 
VC1 and VC2 will suffer from small number statistics. 



3.1 The HI mass distribution 

As mentioned above the S/N of the HI detections in VC2 
are all relatively high. This is reflected in the high HI masses 
of the galaxies detected in this region, with only one lower 
than 3xl0 7 Mq (7.5 in logarithmic solar units). 23 galaxies 
below this limit were detected in VC1 which covers an area 
four times the size of VC2. Given the higher galaxy density 
in VC1, more low-mass galaxies should be expected there 
simply because there are more galaxies present overall. If 
galaxies of low Hl-mass were detected in VC2 in the same 
proportion as in VC1 (as a fraction of the total number of 
detections in the region), 3 detections would be expected as 
opposed to the 1 that is actually found - so the number of 



This table, together with the HI data for all HI detections be- 
hind the cluster, will be available electronically through the Vir- 
tual Observatory. 
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Table 2. HI properties of Virgo Cluster galaxies. Bracketed values indicate errors as estimated by miriad. Columns : (1) Source number 
in this catalogue (2) Right ascension J2000, error in seconds of time (3) Declination J2000, error in arcseconds (4) Heliocentric velocity 
km/s (5) Maximum velocity width at 50% and (6) 20% of the peak flux (7) Total flux Jy (8) Estimated HI mass, log Mq (9) Peak signal 
to noise (10) R.m.s. mjy. 



(1) No. 


(2) Ft. A. 


(3) Dec. 


(4) Velocity (km/s) 


(5) W50 (km/s) 


(6) W20 (km/s) 


(7) Flux (Jy) 


(8) M HI 


(9) S/N 


(10) rms 


AGESVC2.18 


12:41:12.0(0.7) 


+ 11:53:13(10) 


2259(2) 


227(4) 


248(6) 


3.614(0.190) 


8.34 


26.69 


0.6 


AGESVC2.19 


12:43:07.4(0.7) 


4-12:03:21(12) 


2026(3) 


41(6) 


84(10) 


0.537(0.078) 


7.51 


19.31 


0.7 


AGESVC2.20 


12:48:11.0(1.3) 


+ 10:58:19(15) 


1163(4) 


78(8) 


116(12) 


3.785(0.531) 


8.36 


12.62 


4.2 


AGESVC2.22 


12:43:31.6(0.7) 


+ 11:34:51(10) 


1418(2) 


173(3) 


195(5) 


6.067(0.317) 


8.56 


62.70 


0.6 


AGESVC2.23 


12:37:44.0(0.9) 


+ 11:49:20(13) 


1537(3) 


331(6) 


368(9) 


7.906(0.551) 


8.68 


19.36 


2.4 


AGESVC2.24 


12:44:58.1(0.7) 


+ 12:01:56(10) 


1544(2) 


37(3) 


52(5) 


0.538(0.067) 


7.51 


27.53 


0.5 


AGESVC2.25 


12:51:05.9(0.7) 


+ 12:03:33(10) 


1793(1) 


39(3) 


54(4) 


1.466(0.157) 


7.95 


63.80 


0.6 


AGESVC2.27 


12:51:55.0(0.7) 


+ 12:05:00(10) 


1785(2) 


334(3) 


358(5) 


12.151(0.476) 


8.87 


59.90 


0.7 


AGESVC2.29 


12:44:08.9(0.7) 


+ 12:07:05(10) 


1013(1) 


106(3) 


122(4) 


4.039(0.279) 


8.39 


44.53 


0.9 


AGESVC2_30 


12:38:39.8(0.7) 


+ 11:58:46(10) 


1041(3) 


42(6) 


74(9) 


0.402(0.063) 


7.39 


16.67 


0.6 


AGESVC2.33 


12:40:55.2(0.8) 


+ 11:55:03(11) 


1653(6) 


115(12) 


195(18) 


0.666(0.085) 


7.60 


11.80 


0.6 


AGESVC2.35 


12:56:43.2(0.7) 


+ 11:55:52(10) 


569(1) 


57(3) 


76(4) 


1.847(0.169) 


8.05 


92.58 


0.4 


AGESVC2.63 


12:56:04.9(0.8) 


+ 12:09:07(17) 


1869(10) 


32(20) 


89(30) 


0.219(0.092) 


7.55 


5.25 


1.2 



Table 3. Optical properties of HI detections in the Virgo Cluster. Columns : (1) Source number in this catalogue, (2) Flag for status of 
the optical counterpart used here - indicates the object has a matching optical redshift, 1 indicates no optical redshift is available (3) 
Name in a major catalogue if present (4) Morphological type, using the system of the GOLDMine database (5) Absolute magnitude in 
the g and (6) i bands (7) g-i colour (8) HI mass-to-light ratio, g band (9) Difference between optical and HI centres in arcminutcs (10) 
Optical diameter in kpc (11) Estimated HI deficiency - see equation [2] An * indicates the INT B-band was used for photometry. 



(1) No. 


(2) Flag 


(3) Name 


(4) MType 


(5) M 9 


(6) Mj 


(7) g-i 


(8) M HI /L g 


(9) Separation 


(10) OptD 


(H) H 'def 


AGESVC2_18 





VCC1868 


8(Scd) 


-17.82 


-18.99 


1.17 


0.14 


0.04 


14.91 


0.70 


AGESVC2_19 





VCC1955 


14(S/BCD) 


-17.68 


-18.58 


0.89 


0.02 


0.29 


17.03 


1.61 


AGESVC2_23 





VCC1727 


4(Sab) 


-21.06 


-22.22 


1.16 


0.01 


0.28 


19.46 


0.73 


AGESVC2.24 


1 


AGC225876 


20(?) 


-11.83 


-12.06 


0.23 


5.01 


0.12 


1.89 


0.27 


AGESVC2.25 





AGC223205 


19(S) 


-13.87 


-14.19 


0.33 


2.10 


0.22 


5.03 


0.43 


AGESVC2.27 





NGC4746 


5(Sb) 


-18.13 


-19.06 


0.93 


0.34 


0.04 


19.46 


0.50 


AGESVC2.29 





VCC1992 


12(Im) 


-15.61 


-16.06 


0.45 


1.16 


0.31 


10.96 


0.47 


AGESVC2.30 





None 


20(?) 


-10.54* 






9.86* 


0.23 


2.84 


0.80 


AGESVC2.33 





VCC1859 


3(Sa) 


-18.79 


-19.77 


0.98 


0.01 


0.65 


28.21 


1.8 


AGESVC2.35 





UGC08061 


12(Im) 


-15.22 


-15.83 


0.60 


0.76 


0.12 


8.58 


0.66 


AGESVC2.63 


1 


AGC225878 


20(?) 


-10.99 


-11.60 


0.61 


4.92 


1.21 


1.72 


0.61 



low-mass detections in the two areas is consistent given y/n 
errors. 

Directly comparing the HI mass distributions between 
VC1 and VC2 is very difficult since there are only 13 objects 
in the cluster in VC2, and clouds at 3 different distances (and 
so differing mass sensitivity limits) within VC1. It is more 
useful to collate all the HI detections and produce an overall 
HI mass distribution, using, for consistency with VC2, only 
those objects at 17 Mpc from VC1. This gives a total sample 
size of 47 objects. The mass distribution is shown in figure[2j 
which c ompares the AGES result with that of the ALFALFA 
survey l|Havnes et al.ll201ll ) in the Virgo region. 

Since the surveys cover very different areas and the clus- 
ter's overall structure is complex (see Paper V and also fig- 
ure [T]) it is important to ensure a consistent distance es- 
timate for all objects. For both surveys, we r eject galaxies 
located in those areas that lGavazzi et aTTl 19991 have assigned 
as containing infalling clouds (i.e. galaxies at 23 and 32 Mpc 
distance). For the remaining galaxies we assume a uniform 
distance of 17 Mpc, rather than the more complex veloc - 
ity flow models used by ALFALFA (see lHavnes et al.|[2(5Tll ). 
Additionally, only 'code 1' galaxies from the ALFALFA cat- 
alogue are used to ensure that only real objects are included, 
giving an ALFALFA sample size of 202 objects. 

As discussed earlier, the sensitivity limit for AGES 
noted in figure [2] assumes a 4<r, 50 km/s velocity width 
tophat profile detection. There are some important caveats 
to this. The survey is noise-limited, not flux limited : the 
narrower the observed velocity width of a galaxy, the higher 



the peak S/N for any given total integrated flux. Sources 
with lower intrinsic rotational velocities, or at lower incli- 
nation angles, will thus be easier to detect at low masses. 
Since visual source extraction (and automatic extractors in 
the cases of Glados and polyfind) relies on S/N, not to- 
tal integrated flux, the sensitivity limit is only approximate 
at best. As discussed earlier, estimating t he completeness 
limit is considerably more difficult (see also ISchenider et al.l 
120081) . 

For ALFALFA the sensitivity limit assumes a 4.5er limit 
as estimated by the following equation (fully described in 
ISaintongell2007l ) : 

a /AT _ IQOO-Fc wlmo 
Wso rms 

Where for W50 < 400 km/s, w smo = W50/(2 x v res ), where 
Vres is the velocity resolution in km/s, and for W50 > 400 
km/s, w S mo = 400/(2 x v rea ). F c is th e total flux in Jy; rms 
is the rms across the spectrum in mJv. lGiovanelli et al. I l2007l 
estimate a S/N value of 4.5, by this equation, as a lower limit 
for their detections. 

Figure [2] shows evidence for differences in the estimates 
of the HIMF by each survey. At the high mass end (> 9 
log(Afo)), AGES detects relatively few objects compared to 
ALFALFA, and none at all in the highest-mass bin. Since 
there is no upper limit on the mass sensitivity of AGES, 
this discrepancy must be due to variatio n within the cluster. 
As predicted by ISchenider et al. 1 120081 . large -area, shallow 
surveys are better for detecting high mass galaxies. 
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Figure 2. HI mass functions for 47 AGES galaxies at 17 Mpc 
(solid red line), and the 202 galaxies in ALFALFA within the 
limits of the VCC (blue dashed line). Vertical lines indicate the 
sensitivity limits. The x-axis is the HI mass bin center in loga- 
rithmic solar units with a bin size of 0.5 (i.e. the 7.0 bin includes 
galaxies from 6.75 to 7.25). The y-axis is the logarithm of the 
percentage of the galaxies in each sample in each bin. Errors are 
la (Poisson statistics). 




11.0 11.2 11.4 11.6 11.8 12.0 12.2 
Declination / degrees 



Figure 3. Declination distribution of VC2 galaxies. Red (lines 
slanted forwards) indicates VCC galaxies undetected in HI while 
blue (lines slanted backwards) indicates AGES detections. The 
bin size is 0.1 degrees. The mean declination of the HI detec- 
tions is +11.89±0.08° (standard error); for the non-detections it 
is +11.55±0.04°. 



Conversely the two surveys disagree in the opposite 
sense at the low-mass end. While their estimates are consis- 
tent within the 7.5 bin, at 7.0 ALFALFA detects no objects, 
whereas AGES still detects a significant number of galaxies. 
Given the much larger area of coverage of ALFALFA, this 
result cannot be attributed to cosmic variance, but is a re- 
sult of the greater sensitivity of AGES. If ALFALFA were 
to detect the same fraction of low-mass galaxies as AGES, 
it should have recorded about 20 objects in the lowest mass 
bin. 

3.2 Morphological evolution and the cluster 
environment 

In Paper V we presented an analysis of the spatial and 
velocity distribution of our detections together with their 
colours, Aim/ig ratios and HI deficiency estimates. The 
sample in VC2 is too small to repeat this analysis, but there 
are nonetheless some broad trends which bear discussion. 

As there is supposedly only a population of galaxies at 
a single distance in the VC2 region, we might not expect to 
see much difference in the distribution of HI detected and 
non-detected galaxies. In fact the distributions are quite dif- 
ferent, both in terms of spatial positions (unlike in VC1), as 
shown in figure [3] and velocity (figure Q. The HI detections 
are concentrated in a narrow band in declination, whereas 
the non-detected VCC galaxies are distributed more uni- 
formly in declination. The HI detections are found preferen- 
tially at higher velocities than the non-detections, a similar 
result to that found in Paper V. These results suggests that 
this part of the cluster is not comprised only of galaxies at 



a single distance as was previously thought. This is further 
evidence that the individual subclusters of Virgo are them- 
selves still assembling (see paper V). 

Five galaxies in VC2 are detected which are not mem- 
bers of the VCC, though two of them are outside the VCC 
area. As with many of the non-VCC detections in VC1, most 
are small, optically faint dwarf irregulars best described as 
fuzzy blue blobs in optical images. We show finding charts 
for a sample of these detections in figureJS] For VC1 we show 
only those objects with no previous HI detection and a sin- 
gle sure or probable optical counterpart. For VC2 we show 
all five of our non-VCC detections. 

Many of the non-VCC detections resemble edge-on 
discs, an unexpected result since these should have higher 
surface brightness than face-on discs (and thus be easier to 
detect in an optical survey). It is possible that as they are 
relatively faint, they were mistaken for background spirals. 
All the detections are late- type. As we showed in VC1, these 
objects are likely to be infalling from the field since they are 
small and retain their gas content. This is reinforced by the 
presence of giant spirals with strong HI deficiency. The abil- 
ity of small, gas-rich objects to survive in an environment 
where much more massive objects have lost nearly all of their 
gas strongly suggests that they are relatively recent arrivals 
to the cluster. 

In the VC1 region it was found that most HI detections 
were of late-type objects, even if not members of the VCC, 
with virtually all late-type VCC objects being detected. This 
is also the case in VC2. There are only two undetected un- 
classified objects - VCC 1977 and 2085. Both are so faint 
(m g < 18.0) and red (g — i > TO) that they are probably 
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Figure 4. Velocity distribution of VC2 galaxies, with the colour 
scheme as for figure [3] The bin size is 200 km/s. The mean veloc- 
ities are 1,513±125 km/s and 1,136±50 km/s for the detections 
and non-detections respectively. 



dwarf ellipticals. Thus every late-type VCC cluster member 
in this region is detected in HI. 

While every late- type galaxy is detected in HI, not every 
HI detection corresponds to a late-type galaxy. In VC1 about 
7% of the HI sample correspond to early-type objects, and 
it was suggested that the detected SOs are being evolved via 
gas loss from spirals and the dEs are recently accreted field 
objects. In VC2 there are only 13 HI detections so if the 
detection rate of early- types is consistent with that of VC1, 
a single early- type HI detection might be expected. 

In fact there are two possible detections of ETGs de- 
tected in HI, a dwarf elliptical and an SO linked by an HI 
stream. The VCC 2 062/2066 system has p revi ously been 
descr ibed in Ivan Driel fc van Woerdenlll989l and |Puc et all 
120071 . who used the Westerbork and VLA interferometers to 
achieve much higher resolution than is possible at Arecibo. 
While AGES does cover a larger area, we do not see any 
more extended emission around the system. 

We also confirm that there is far more gas in this 
s ystem than would be expected from a dwarf irregular 
: Ivan Driel fc van Woerdenl 1 19891 estimate that VCC 2062 
would have had a Alm/L ratio of 40 if it was the sole source 
of the gas. However if all of the gas was originally associ- 
ated with VCC 2066, which is much brighter, the Mm/L 
need only have been 0.03, consistent with the other opti- 
cally bright SO objects detected in HI by AGES in the clus- 
ter. VCC 2066 could be a further possible example of an SO 
evolving (in part via gas loss) from a spiral galaxy. 

As discussed in Paper V the Mm/L s ratio is closely 
linked to HI deficiency - how much gas a galaxy has lost 
compared to a field object of the same morphology and op- 
tical diameter. Deficiency is calculated from the relation : 



Where HId e / is the HI deficiency, Mni.ref is the HI mass 
of the reference galaxy, and Mhj,o6s is the HI mass of the 
observed galaxy. The expected HI mass c an be calculated by 
a line ar equation, using the parameters of lBoselli fc Gavazzil 
120091 : 



log(MHl,ref) = a + b x log(d) 



(3) 



Where a and b depend upon the morphological type and 
d is the optical diameter in kpc. A spiral galaxy with the 
optical diameter of VCC 2066 would require a deficiency 
of 1.1 to have the same gas content. Thus, despite being 
optically bright and relatively HI massive, VCC 2066 is not 
inco nsistent with the SOs de tected in HI in Paper V. 

iBoselli fc Gavazzil 120061 conclude that the formation of 
SOs via ram-pressure stripping of spiral galaxies is unlikely. 
Their principle argument is that ram-pressure should not 
be able to change the bulge-to-disc ratio of a galaxy, yet 
SOs have systematically larger such ratios than spirals. They 
note that this change is more consistent with a tidal interac- 
tion. Yet there is no reason to suppose that the two effects 
do not coexist - a galaxy which experiences gas loss (by any 
mechanism) will still be subject to the same tidal interac- 
tions as a galaxy which does not. 

There are no detections in VC2 without obvious optical 
counterparts, unlike in VC1 which we discuss in detail below. 
However AGESVC2_30 has an exceptionally high Mm/L g 
ratio of close to 10, with an estimated deficiency of 0.80. If 
this estimate is correct, its original A/hi/^b ratio (i.e. before 
it entered the cluster, assuming it to have the expected HI 
mass that the deficiency calculation implies) could have been 
much higher, up to 80 if there was no optical evolution. 
Thus, given its S/N of more than 16, if this object really is 
deficient and no optical evolution has occurred, it implies the 
existence of a population of infalling, non-deficient objects 
with very high Mm/L ratios. A major caveat is that that 
deficiency is not well calibrated for dwarf galaxies. 



3.3 The Tully-Fisher Relation 

While the Tully-Fisher relation is traditionally used as a dis- 
tance estimator, it also offers insights into galaxy evolution. 
In figure [5] we plot the Tully-Fisher using conventional I- 
band luminosity (usin g the simple correction / = i — 0.75, 
IWindhorst et all Il99ll ) . In figure [7] we plot total baryonic 
mass rather than luminosity, followingfMcGaugh et al II2OOOI. 

"IS 



In fig ure [8] we use only the gas mass, following iMcGaugl 
120121 . In all plots we have corrected our rotation widths for 
inclination angle (for the baryonic and gas-only relations we 
assume that V c ; rc = W20/2.O, in order to compare accurately 
with previous studies). We make the simplistic assumption 
of a thin circular disc, using only objects where i > 30°, and 
do not correct for extinction effects. 

In figure [5] we see that the background detections and 
the non-deficient cluster detections agree well with previous 
measurements of the relation from field samples. The highly 
deficient objects do not fit the relation, especially the less 
massive objects. It appears that in these latter cases the 
outer, most rapidly rotating gas has been removed, so that 
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Figure 5. Optical images of galaxies detected by AGES not listed in the VCC. Images are all 1.7' across. For the exact selection see 
the text. For VC2 30 a B-band image from the INT WFS is used, for all others SDSS RGB images are shown. AGESVC2.25 and 
AGESVC2.63 are outside the VCC area. 



the gas is no longer tracing the true rotation curve. In effect 
the measurable rotat ion curve of the gas has been truncated 
l|Gavazzi et al.l [2008 note that this is consistent with ram- 
pressure stripping). The brighter deficient galaxies appear 
to be able to maintain their line width while still losing sig- 
nificant amounts of gas, which may relate to the different 
shape and ext ent of the rotation curve for objects of dif- 
ferent masses l|Catinella. Giovanelli fc Havnesll200tJ ). More 
massive galaxies have a greater fraction of gas in the flat 
part of their rotation curve, whereas low-mass galaxies can 
have curves which are always rising. 

An alternative interpretation is that galaxies deviant 
from the TFR are actually at a different distance and are 
seen in projection against the Virgo cluster. For the most 
deviant objects, this would require them to be at a distance 
of 2 Mpc in order to reconcile their measured and TFR- 
predicted absolute magnitudes. This is completely at odds 
with their velocities (1,000-2,000 km/s), so a truncated gas 
disc, and correspondingly reduced line width, seems a far 
more likely explanation (we discuss this further below). 

For those objects in VC1 which we deemed to have no 
obvious optical counterpart, we chose the brightest candi- 
date smudges visible in the optical images. We use the HI 
velocity widths as measured without attempting to correct 
for inclination effects (since the only optical candidates vis- 
ible are extremely faint). The positions shown in figure [6] 
are thus lower limits in terms of velocity widths. Since we 
used the brightest visible objects, they are also lower lim- 
its in terms of optical magnitude. Note that although some 
of the non-VCC HI detections are also extremely optically 



faint (figure [5}, they all lie on the Tully- Fisher relation : six 
of the objects which we have identified as having no optical 
counterparts are categorically different. 

This is also supported by the baryonic TFR in fig- 
ure [7] Here we also plot VIRGOHI21, an object vari- 
ously claimed to be a possible primor dial 'dark galaxy' 



ously claimed to be a possible p rimordial dark galaxy 
llMinchin et al.ll2007l IDavies et aLll2qo4). a product of ha- 
rassment ( Havnes. Giovanelli fc Kentj2007|). and the result 
of a single high- velocity interaction l|Duc et al. 2008). Both 
VIRGOHI21 and 6 of our detections without obvious opti- 
cal counterparts (again, we use the brightest optical candi- 
dates which are visible) have nowhere near enough baryons 
- by a about a factor of 10 - to lie on the TFR. Again this 
is quite different to the cases where the counterparts are 
merely unusually faint, even though those objects have high 
Mht/L ratios. Additionally, we note that galaxies with low 
surface brightnesses have been show n to agree with the TFR 
of high surface brightness galaxies IjZwaan et al.lll995l ). By 
extension, objects which have no optical surface brightness 
should also be expected to obey the baryonic TFR. 

The natural inference is that the optically undetected 
objects cannot be primordial gas clouds embedded in dark 
matter halos - otherwise we would expect them to follow the 
same TFR as all the other faint objects do. There is a caveat 
in that this assumes objects which never form any stars at 
all are fundamentally dynamically similar to objects which 
do. A counter-argument might be that objects which cannot 
form stars must have lower gas densities, so we might expect 
the m to lie below the n ormal TFR by definition (for example 
see IDavies et all 120061 ) . 
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Figure 6. Tully-Fisher relation using the W20 velocity estimator. 
Black squares are detections behind the cluster. Blue circles are 
detections within the cluster with deficiency < 1.0, red squares 
are cluster detections with deficiency > 1.0. Green squares are 
early- type galaxies, while open red squares highlight cluster de- 
tections which are not listed in the VCC. Upper limits are shown 
for objects without obvious optical counterparts (see text). Here 
the dashed line is the TF relation determined in ItuIIv fc Pierce! 
l2000l . 



Figure 8. Gas-only 
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Figure 7. Baryonic Tully- Fisher relation where M. baryon = 
1.4xMh7 + M», following [McGaugh et al.l |2000|. The dashed 
line is the best-fit determination from lMcGaugh et alj|200ol . The 
colour scheme is as for figure [6] except that our optically unseen 
detections are shown as open black sq uares. We also include VIR- 
GOHI21 as measured in lMinchin et al.ll2007l (filled black square). 



Tully-Fisher 



relation where M„ 



1.33xM H/ , following McGaugh 2012. The dashed line is the best- 
fit determination from lMcG augh 2012J. The red dotted line is the 
best-fit to the strongly Hi-deficient galaxies. The colour scheme 
is as for figure [7] 



M, = - 23. 
M, = - 21. 
M, = - 19.0 
McGaugh (2012) 




Figure 9. Predicted deviation of galaxies (of three different lu- 
minosities) from the gas-only Tully-Fisher relation. Their initial 
gas content is that predicted by the TFR. Gas loss is complete 
beyond an increasing truncation radius, generating the tracks vis- 
ible. Moving down the tracks, the dots indicate where the trunca- 
tion radius is 40%, 20%, 10%, 5% and 2.5% of the original radius. 
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Since none of the optically undetected objects have spa- 
tially resolved HI components, it is difficult to estimate their 
dynamical masses (as this requires knowledge of how far the 
HI traces the rotation curve ). However, we can offer a crude 
estimate. iLerov et al.ll2008l find that dwarf galaxies exhibit 
a very narrow range of gas surface densities, from 5-10 Mq 
pc -2 . Assuming a typical value of 7.5 Mq pc -2 , the six de- 
tections which lie below the TF wo uld have gas disc radii 
ranging from 0.8-1.6 kpc (following ILerov et al.l [20081 this 
accounts for helium by Af gas = 1.36xMhi). This in turn 
leads to dynamical to gas mass ratios ranging from 20-60, 
assuming them to be virialised. Thus they are either highly 
unstable, transient clouds of gas, or stable but optically inert 
systems. We cannot offer further insights without resolved 
HI mapping (which would not only determine the true gas 
disc radii, but also show if there was ordered rotation). 

We note that two of the detections without optical coun- 
terparts are not found in the same parameter space in the TF 
diagram as the others. Rather than falling below the TFR, 
the two narrowest detections lie above it. In one sense, it 
is not even necessary to assign them optical counterparts - 
their HI mass alone is sufficient for them to slightly exceed 
the baryonic mass predicted by the TFR. Since we cannot 
estimate their inclination angle it is possible that their true 
velocity widths are much higher, but we cannot rule out the 
possibility that these really are primordial, optically inert 
objects. 

Making the same assumptions as for the other objects, 
these two objects require dynamical to gas mass ratios of 2-3, 
far less than for those objects which do not satisfy the bary- 
onic TFR. In essence they are conceivably massive enough 
to be gravitationally bound without a dark matter compo- 
nent. This adds some credence to the possibility that they 
are tidal debris - if they are self-bound, they may survive 
long after any more extended, unbound tidal features have 
dissipated. 

Figure [8] plots the TFR using only the gas mass. While 
this has significantly more scatter, several other features be- 
come apparent from this plot. The most deficient galaxies 
are seen to follow a different slope to the non-deficient ob- 
jects, and both the ETGs and optically unseen HI detec- 
tions broadly follow this trend. The highly deficient objects 
with extremely low and extremely high rotation widths im- 
ply that gas removal can have different effects on galaxies, 
depending on their total mass. 

Firstly, the deficient objects which have extremely low 
velocity widths (log(W) < 1.6) have predicted HI masses 
(see equation [3| as high as 9.0 in logarithmic solar units. 
If these objects have not experienced any reduction in their 
line width, this implies they were originally well above the 
TFR. Yet none of the non-deficient cluster objects - or back- 
ground objects - lie in this region of the TF diagram. This 
implies that these objects must originally have had much 
broader line widths in order to obey the predictions from 
the TFR. 

Secondly, the opposite is true for the deficient objects 
with high velocity widths (log(VK) > 2.2). Their predicted 
original HI masses (from equation[3| are as high as 9.8 (log- 
arithmic solar units), which would bring them into close 
agreement with their TFR predictions - but only if their 
velocity widths were not significantly altered. If they orig- 
inally had much broader velocity widths, as the low-mass 



deficient objects seem to have done, then they would lie 
well below the TFR - a region where no non-deficient ob- 
jects are actually observed. A caveat is that sensitivity would 
prevent the detection of even very Hi-massive galaxies with 
sufficiently broad lines, but this would require absurdly high 
velocity widths. At 100 Mpc, a galaxy with an HI mass of 
10.0 would require a line width of 2,300 km/s to reach a 
S/N of 3.0. Therefore, very massive galaxies which lose even 
90% of their original gas content probably do so without 
significant truncation of their measurable rotation curves. 

We create an analytical model to verify if ram pressure 
stripping can account for the observed deviation of deficient 
ga laxies from the TFR. We assume rota tion curves as given 
in lCatinella. Giovanelli fc Havnesll2006l for galaxies of three 
different luminosities. Each model galaxy has a gas disc that 
is initially large (extending out to 6 exponential disc radii). 
As the model's disc is ram pressure stripped the gas mass 
falls, and its disc is truncated to a truncation radius rt run c), 
such that fast moving gas in the outer rotation curve will 
no longer feature in the observed line width. The line width 
is assumed to be twice the circular velocity and the gas disc 
to be of con stant surface densi ty (as is typically observed - 
for example IWalter et al.ll20Qg| ). 

The initial mass of gas in the disc is chos e n to b e such 
that each galaxy initially lies on the lMcGaugbl (|2012T ) trend. 
To calculate how the gas mass changes, the truncation ra- 
dius of each model's HI disc is reduced in small steps. The 
gas mass and line width is recalculated at each step, thus 
creating the galaxy tracks in figure [9] 

The most luminous galaxy track initially fall vertically 
on the plot as its gas is stripped, but its line width changes 
little. This is due to the shape of the rotation curve - while 
some of the 'flat' part of the rotation curve remains, the line 
width does not fall significantly. However once the flat part 
has been stripped, the line-width falls rapidly, and the track 
veers to the left. The least luminous galaxy model does not 
have the initial vertical drop at all, as its rotation curve does 
not really have a flat outer part, but instead continuously 
rises slowly. Quantitatively the agreement is not ideal be- 
tween observed deficient galaxies and the model - perhaps as 
a result of o ur rather idealise d assumptions. However quali- 
tatively, the iMcGaughl l| 20121 ) line and HI deficient galaxies 
cross at low log(W) while the H I deficient galaxie s are also 
found increasing ly far below the IMcGaughl (|2012r i line with 
increasing log(W). Therefore a ram pressure scenario can 
indeed reproduce the qualitative behaviour. 



4 SUMMARY AND DISCUSSION 

VC2 is a poorer region than VC1 both in HI and optical, 
with a factor of 1.8 fewer HI detections per square degree 
in VC2 compared to VC1. Other regions within the cluster 
show even greater differences, so the difference is low enough 
to be readily explained by normal variance within the clus- 
ter. The number of background HI detections in each region 
is consistent. The low number of detections in this region 
is therefore not a result of poor source extraction methods, 
despite the high S/N level of the detections. Indeed, the HI 
mass distribution from AGES shows a greater fraction of 
objects in the low-mass bins than other shallower surveys. 
Unlike in VC1, the spatial and velocity distributions 
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of the AGES HI and VCC optically-detected galaxies are 
clearly different. The HI detections are clustered in decli- 
nation (whereas the VCC non-detections are uniformly dis- 
tributed) and tend to be found at higher velocities within 
the cluster. This suggests that subcluster A is still assem- 
bling, with the HI detections being recently accreted from 
the field - perhaps from a single infalling group, since their 
spatial and velocity distributions are quite different to and 
distinct from the HI non-detections. 

In Paper V we described evidence for a variation in HI 
deficiency with radial distance from the cluster center. The 
low numbers prevent a robust comparison in VC2, though 
the two most deficient galaxies are found in the western part 
of the cube, closer to the cluster centre. Galaxies of lower de- 
ficiency are found in the same region, as is the case in VC1. 
This supports the view that the cluster is still assembling, 
with the low- deficiency objects closer to the cluster centre 
experiencing their first pass through that region. It is diffi- 
cult to see how such faint objects as VC2_30 could otherwise 
have survived in an environment where bright objects such 
as AGESVC2_033 (VCC 1859), which has an M g of -18.7, 
have lost almost all of their gas (deficiency of 1.8). 

In Paper V the detection of several SO galaxies with 
low masses of HI was interpreted as evidence for morpho- 
logical evolution from spirals to lenticulars (i.e. from one 
Hubble type to another). In VC2 the statistics are too poor 
to comment further, except to note the detections of VCC 
2066. As discussed above, this is an extremely unusual sys- 
tem which, for a proper un derstanding, req uires a detailed 
study in its own right (see iDuc et ail 12007') . We have also 
noted that the most deficient galaxies tend to have lower 
velocity widths than predicted by the Tully-Fisher relation. 
Two ETGs are also offset from the Tully-Fisher, which may 
be further evidence of gas-loss driven morphological evolu- 
tion. 

Some strongly HI deficient galaxies appear to be quite 
normal late-types in most other respects (they do not, for 
instance, show signs of any unusual morphologies or ex- 
tended HI features). Indeed, some detections are of much 
lower MHi/ig than field objects, but of exactly the same 
colour. Morphological and/or colour evolution may not be 
dr iven solely by gas removal (e.g. the harassment scenario 
of lMoore et aflll999h . 

The HI detections within the cluster that are not in the 
VCC are all generally small, blue, gas-rich objects. Those 
in VC2 are all non-HI deficient, except for object 30, but 
some in VC1 have deficiencies greater than 0.5. A caveat is 
that the HI deficiency r elation is not well c alibrated for ob- 
jects other than spirals l|Solanes et al.l ll996). More complex 
procedures to determine the HI deficiency may eventually 
improve the situation for dwarfs, but t hese have so far only 
been attempted on very small samples |Lee et al.ll2003l ). 

There are no dark galaxy candidates anywhere in VC2, 
including the background volume. Several low S/N candi- 
dates were originally detected but all were found to be spu- 
rious on follow-up. The closest object to a dark galaxy is 
object 30, which has the highest Mm/Ig ratio in the sam- 
ple at almost 10, but there is nonetheless a obvious possible 
optical counterpart at the coordinates of the HI. Identifying 
objects with very faint or non-existent optical counterparts 
is difficult and subjective, but use of the Tully-Fisher rela- 
tion may help. Six detections in VC1 are found for which the 



only possible optical counterparts would lie well to the right 
of the Tully-Fisher : they are much fainter than expected 
from their velocity widths. 

These detections correspond to objects we labeled as 
being optically dark in paper V, suggesting that the optical 
counterparts which are visible are not really associated with 
the HI. Furthermore, combining the detected stellar and gas 
emission is not sufficient to bring these objects into agree- 
ment with the prediction from the baryonic TFR, based on 
their velocity widths. Nor do they have even sufficient gas 
to fit a gas-only TFR. If they are in virial equilibrium, they 
require as much as 60 times the amount of dark matter as 
gas in order to be gravitationally bound. 

However, whatever these objects actually are, it seems 
very unlikely that they are primordial, optically dark galax- 
ies. Those objects which have readily identifiable optical 
counterparts agree with the TFR predictions no matter how 
optically faint they are. Highly deficient objects are an ex- 
ception to this, but they deviate from both the stellar and 
baryonic TFR in the opposite sense to the optically un- 
detected objects. Deficient objects have unexpectedly low 
velocity widths given their mass (both stellar and bary- 
onic), whereas optically undetected objects have unexpect- 
edly high velocity widths given their mass, with respect to 
the TFR. 

The most obvious alternative is that the objects are 
remnant gas removed from ordinary galaxies. None of the de- 
tections here show any obvious signs of extended HI features 
which would allow us to identify possible initial sources of 
the gas clouds. It is, of course, possible that any such streams 
are below our sensitivity limit (i n the manner of the stream 
which includes VIRGOHI21 - lHavnes. Giovanelli fc Kent! 
l2007h . While five of our detections are in close proximity (< 
30') to other objects, this is not in itself necessarily signif- 
icant, given the galaxy density of the cluster. Only deeper, 
higher spatial resolution observations will be able to offer 
further insight on this issue. 

As in VC1, no new extended HI features are detected 
in the cluster. The known HI complex associated with VCC 
2066 and 2062 is detected, as are several HVCs. This means 
the lack of extended HI detections is not due to data re- 
duction or source extraction procedures. Although it is 
clear that some Virgo galaxies are significantly HI defi- 
cient, it remains an open question as to where this HI actu- 
ally goes. Very extended HI features, such as VIRGO HI21 
jMinchin et all 120071 . lHavnes. Giovanelli fc Kentll2007l ). do 
not appear in any way common around gas deficient galax- 
ies. 

While there are key differences between the VC1 and 
VC2 regions - different infalling clouds and different galaxy 
densities - in many ways they are also very similar. Both 
show a mix of highly deficient and non-deficient galaxies 
in approximately the same proportion. Both show some evi- 
dence that deficiency varies radially within the cluster. Both 
indicate that dark galaxies and extended HI features are, at 
the least, rarities within the cluster environment. Perhaps 
most importantly, both demonstrate that the effects of gas 
loss can be far from simple - highly deficient objects may 
share few other - if any - common features. The key result 
from this sample is that the effects of gas loss are not al- 
ways clear, and can be difficult to disentangle from other 
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environmental effects and the varying properties intrinsic to 
individual objects. 
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(a) Moment map of VC1 cloud complex from 150 to 350 
km/s. Contours are from 75 mjy/beam increasing in steps of 
50 mjy/beam. 




Right Ascension (J2000) 

(b) Moment map of VC2 clouds from 220 to 280 km/s. Contours 
from 55 mjy/beam increasing in steps of 30 mjy/beam 

Figure Al. Integrated flux maps of probable High Velocity 
Clouds detected in VC1 (top) and VC2 (bottom). 




APPENDIX A: COMMENTS ON INDIVIDUAL 
DETECTIONS 

High Velocity Clouds : A few detections in both VC1 and 
VC2 correspond to High Velocity Clouds (figure [AT]) . which 
are spatially extended but have no optical counterparts. It 
seems unlikely that the only significantly extended features 
should all lie at low velocities, if they are all cluster mem- 
bers. More probably these are much closer, smaller, low-mass 
features, which we should not expect to have as sociated op- 
tical emission (for example. ISimon fe Blitzll2002l searched for 
optical counterparts for 250 HVCs unsuccessfully). 

VCC 2000 : This object is not detected in HI, however 
we have discovered in the process of searching optical im- 
ages of the VC2 region that it posesses a stellar tail. This 
is easily revealed in the deeper INT observations availble of 
the region, and it is also visible in the g, r and i bands of the 
SDSS after smoothing or rebinning, confirming it as a real 
structure. Though VCC 2000 has been extensively studied 




(a) Rebinncd SDSS RGB im-(b) 2 stacked B-band images 
age of the region (pixels are afrom the INT WFS 
factor 5 larger than standard) 

Figure A2. Images of VCC 2095, VCC 2000 and environs, all 
12' across. 



(243 references in NED) the tail is at approximately 27 B 
magnitudes arcsec -1 and it appears to have remained unde- 
tected. The tail stretches about 6' from the center of VCC 
2000 with a length along its curve of about 17', 35 kpc at 
17 Mpc distance. 

It is very difficult to accurately estimate the colour of 
the tail, since it is barely detected in either the SDSS g band 
or the INT i band due to fringing. From aperture photome- 
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Figure A3. B-band INT image of VCC 2041. The circles are 
centered on the coordinates of an HI detection with radii 20" and 
1.4'; the image is about 6.6' across. 



try the B-i colour of VCC 2000 is estimated to be 1.77±0.04, 
the nearby elliptical VCC 1991 to be 1.71±0.09 and the tail 
at 1.55±0.20. The very nearby dwarf galaxy VCC 2002 does 
not seem to be connected with the tail. This is confirmed by 
Hubble ACS images from lFerrarese et al ] |2006l . who note the 
detection of a 'small, faint, very blue structure' 2.5" from the 
optical center apparently quite independent of VCC 2002. 
Unfortunately the ACS image has too small a field of view 
to include the tail, but it may be this is a relic of the merger 
of a (presumably) gas-poor dwarf. 

VCC 2041 ■ In VC2 a distinct group of 5 galaxies is 
detected at about 13,000 km/s, all within a radius of 11'. 
The center of this group is dominated by the cD galaxy 
VCC 2041 and is shown in figure lA"3l (the other 4 detections 
include the edge-on spiral visible to the north and 3 other 
late- type objects outside this image), which shows it has a 
disturbed optical morphology. The optical tails appear to be 
a new discovery - VCC 2041 has only 9 references and 1 note 
in NED, none of which mention its disturbed morphology. 
The spatial coordinates of the HI detection are midway be- 
tween the elliptical and the edge-on disc (none of the other 
galaxies visible are Hi-detected) and its redshift it also sim- 
ilar to both. The overall appearance of the stellar tails is 
perhaps suggest ive of shells, which are believed to indicate 
recent mergers (|Quinnlll984h . 



